Objectives: Analysis of the pulmonary venous flow enables an evaluation of cardiac hemodynamics. This study was conducted to evaluate the effect of severe mitral stenosis on the pulmonary venous flow both in sinus rhythm and atrial fibrillation. Methods: We studied 38 patients with isolated severe mitral stenosis (mitral valve area index 0.75 cm 2 ) by pulsed wave Doppler transesophageal echocardiography of the left upper pulmonary vein. Twenty-six patients (68%) were in sinus rhythm and 12 (32%) in atrial fibrillation. Results: The peak systolic flow velocity was significantly lower in atrial fibrillation patients with blunted systolic flow pattern in 67%, while the normal flow pattern with higher systolic-to-diastolic flow ratio was found in 69% of sinus rhythm patients. Pulmonary venous flow was significantly delayed in its onset and termination with atrial fibrillation compared to sinus rhythm even after correction for heart rate (p ! 0.02, p ! 0.04, respectively). The pulmonary venous peak systolic flow velocity showed a significant negative correlation with the mean pulmonary pressure (r = -0.424, p = 0.011). Finally, there was a correlation between the pulmonary venous diastolic pressure half-time and the peak mitral gradient (r = -0.327, p = 0.045), mean mitral gradient (r = -0.369, p = 0.022) and Doppler mitral valve area (r = -0.422, p = 0.008). Conclusion: Severe mitral stenosis is associated with a decreased pulmonary venous systolic flow and prolonged
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Introduction
Pulmonary venous flow is pulsatile in nature and normally consists of systolic and diastolic forward waves and a small atrial reversal flow. The systolic forward flow results from an atrial relaxation and the descent of the base of the heart during ventricular contraction, while the diastolic flow results from rapid ventricular filling from the left atrium and decay of the pressure gradient between the left atrium and left ventricle [1] .
Mitral stenosis causes an alteration in the normal pulmonary venous flow pattern resulting in lower systolic-to-diastolic peak flow velocities and delay in the diastolic wave deceleration with progressively increasing severity of valve stenosis. Earlier reports have analyzed the pulmonary venous flow pattern in mitral stenosis with widely varying valve areas [2, 3] . In this study, we investigated the influence of severe mitral valve stenosis on the pulmonary venous flow pattern as assessed by transesophageal Doppler echocardiography in patients both in sinus rhythm and atrial fibrillation.
Methods

Study Patients
The study was performed from January 1995 to January 1997 on 38 patients with symptomatic severe mitral stenosis undergoing transesophageal echocardiography (TEE) before cardiac catheterization to evaluate their suitability for balloon mitral valvotomy. There were 21 men and 17 women and the mean age was 39 B 10 years. Twenty-six patients were in sinus rhythm and 12 in atrial fibrillation. All patients had normal left ventricular function and no more than mild (1+) mitral regurgitation or other valve lesions.
Procedures
All patients had full transthoracic echocardiographic examination using 3.37-MHz imaging transducer and 2.5-MHz Doppler transducer connected to a Toshiba Ultrasound Imaging System (model SSH-160A). They also underwent a complete TEE examination utilizing standard methods [4] using a 5-MHz biplane transducer. An ECG lead was continuously monitored during the procedure. Left upper pulmonary vein tracing was used in all patients from the transverse short axis view and the pulmonary venous flow was recorded by TEE, by positioning the Doppler sample volume 1-2 cm distal to the orifice of the left upper pulmonary vein into the left atrium under color Doppler guidance. The Doppler beam was oriented as parallel as possible to the pulmonary venous flow without using angle correction. The study was recorded on a 1/2-inch video cassette for an off-line analysis. Furthermore, the pulmonary venous flow recordings were obtained at a paper speed of 50 mm/s.
Echocardiographic Measurements
M-mode measurements of the left ventricular dimensions, left ventricular ejection fraction, fractional shortening and left atrial size were determined using standard methods. Continuous wave Doppler transthoracic echocardiography across the mitral valve was performed to measure peak and mean pressure gradients, pressure half-time and mitral valve area. Mitral valve area index (MVAI; mitral valve area/BSA) was calculated and mitral valve area ! 1 cm 2 or MVAI ! 0.75 were considered as significant valve stenosis.
TEE Measurements
The presence or absence of left atrial thrombus and spontaneous echo contrast were noted. The degree of mitral regurgitation was assessed by Doppler color flow mapping [5] and the patients with more than mild mitral regurgitation were excluded. Furthermore, cardiac catheterization following TEE was performed in 31 out of 38 in the study group, confirming the absence or presence of only a mild degree of mitral regurgitation. We also measured the dimension of the orifice of the left upper pulmonary vein at the left atrium, at the end of diastole.
Pulmonary Venous Flow Measurements
All pulmonary venous flow measurements were averaged from three cardiac cycles in patients in sinus Al Kandari/Salama/Cherian rhythm while five cardiac cycles were averaged in patients in atrial fibrillation. All measurements were calculated during off-line analysis using the software incorporated on the same echo machine ( fig. 1 ).
The peak flow velocities of the second forward systolic (v x ) and diastolic forward (v y ) waves were measured in all patients, and peak flow velocity of reversed flow (v z ) occurring during atrial contraction was obtained in patients in sinus rhythm. Forward systolic pumonary venous flow consists of two waves. The second wave was used because the first was not recorded in every patient, particularly in those with atrial fibrillation where an early systolic reversed wave coinciding with mitral closure was generally recorded [3] . Pulmonary venous systolic flow was considered as normal if the systolic/diastolic flow ratio was 61 while a blunted pattern was defined as systolic/diastolic flow ratio ! 1 [5] . Velocity-time integrals in the three phases of the pulmonary venous flow were measured as follows. The systolic velocity-time integral (VTIx) was measured from the onset of the forward flow after the R wave peak on the ECG to the crossover of that wave with the zero line. The early diastolic velocity-time integral (VTIy) was measured from the onset of the diastolic forward wave to its crossover with the zero line. The velocity-time integral of atrial flow reversal (VTIz) was obtained from the onset to termination of the negative wave in late diastole. We also measured the time of onset of pulmonary venous flow from the R wave peak on ECG, time from peak of R to V x , time from peak of R to v y and to the end of the pulmonary venous flow. Furthermore, all these timings were corrected for heart rate by dividing the average of each time with the average R-R interval. Finally, the pulmonary venous diastolic wave deceleration time from the peak to the baseline was measured and the pulmonary venous diastolic pressure half-time was calculated by multiplying the deceleration time by a constant 0.29 [6] .
Cardiac Catheterization
Thirty-one out of 38 patients had cardiac catheterization done 1 day after the TEE study. Cardiac output, pulmonary artery pressure, peak and mean mitral gradients were measured. Mitral valve area was calculated using the Gorlin formula [7] . The presence of mitral regurgitation and its severity when present were assessed on the left ventricular angiography.
Statistical Analysis
All data are expressed as mean B SD. Data for both groups of atrial fibrillation and sinus rhythm were compared by an independent sample t test. Pearson's correlation coefficients are calculated to relate pulmonary venous flow and other echocardiographic parameters. A two-tailed value ! 0.05 was considered statistically significant. and fractional shortening. Twenty-six patients (68%) were in sinus rhythm whereas 12 (32%) were in atrial fibrillation. There was an equal number of males and females in the atrial fibrillation group who were older than those in sinus rhythm (p ! 0.001). Left atrial dimension was also significantly larger in the atrial fibrillation group (p ! 0.04). On the other hand, the mean left upper pulmonary vein dimension was the same in both groups (table 2). The mean mitral gradient was lower in atrial fibrillation. None of the patients had more than mild mitral regurgitation and only 2 patients had left atrial thrombus. Both were in atrial fibrillation without obstruction to pulmonary venous flow.
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Pulmonary Venous Flow Findings
Out of 38 patients with severe mitral stenosis, 16 (42%) had blunted systolic flow pattern and 22 (58%) had a normal pulmonary venous flow pattern with higher systolic-to-diastolic flow (table 3) . Blunted pattern predominates in the atrial fibrillation group (8 of 12 patients, 67%; fig. 2 ), while both blunted and normal pattern were present in sinus rhythm patients (8 out of 26 patients and 16 out of 26 patients, respectively; fig. 3, 4) .
The peak systolic flow velocity (v x ) and the ratio of peak systolic-to-diastolic flow velocity (v x /v y ) were significantly lower in atrial fibrillation. However, the peak diastolic flow velocities (v y ) were not different in both groups of patients.
Atrial fibrillation patients had a significantly longer velocity-time integral of the diastolic forward flow (VTI y ) and shorter (VTI x / VTI y ) in comparison to patients in normal sinus rhythm (p ! 0.004, p ! 0.003, respectively; table 3). Time to the start and end of pulmonary venous flow was also significantly delayed in atrial fibrillation patients in comparison with those in sinus rhythm even after correction for heart rate (table 2). Finally, the pulmonary venous diastolic deceleration time and the pressure half-time were significantly prolonged in atrial fibrillation patients as compared to sinus rhythm patients (p ! 0.01, p ! 0.02, respectively).
Univariate Correlates of Pulmonary Venous Flow
There was a significant negative correlation between systolic peak flow velocity (v x ) and mean pulmonary artery pressure (r = -0.424, p = 0.011), systolic velocity-time integral (VTI x ) and mean pulmonary artery pressure (r = -0.427, p = 0.011). The pulmonary venous diastolic pressure half-time correlated with peak mitral gradient (r = -0.327, p = 0.045), mean mitral gradient (r = -0.369, p = 0.022) and Doppler mitral valve area (r = -0.422, p = 0.008). 
Discussion
The pattern of the pulmonary venous flow, characterized both by TEE and transthoracic echocardiography, normally consists of higher systolic and lower diastolic forward waves and an atrial reversal wave in sinus rhythm [2, 8] . The systolic forward wave occurs during ventricular systole and is related to atrial relaxations [1, 8] and the descent of the base of the heart [3, 9, 10] . On the other hand, the diastolic forward wave occurs during ventricular diastole and is related to the opening of the mitral valve, the rapid inflow of blood into the left ventricle, and decay in the pressure gradient between the left atrium and the left ventricle. The systolic reversal wave results from a retrograde flow following atrial contractions [1, 8] .
Mitral stenosis markedly alters the pulmonary venous flow as measured by Doppler TEE. It results in a lower pulmonary vein peak systolic flow velocity and prolonged decay in the wave deceleration during diastole. Such changes are more significant in atrial fibrillation [3, 11, 12] .
The TEE pulmonary venous flow patterns in patients with varying severity of mitral stenosis have been previously characterized by Klein et al. [11] and Tabata et al. [3] , but only Jolly et al. [12] reported the pulmonary venous flow dynamics in 14 patients with severe mitral stenosis (mean MVA 0.8 B 0.1 cm 2 ) in sinus rhythm. Our study includes 38 patients all with severe mitral stenosis both in sinus rhythm and atrial fibrillation. It confirms the findings of the previous studies with significantly lower peak systolic flow velocity and systolic velocity-time integral in severe mitral stenosis and atrial fibrillation. The peak systolic flow velocity correlated negatively with the mean pulmonary artery pressure but has no correlation with the left atrial dimension, which may be attributed to the homogeneous type of patients being studied with severe mitral stenosis and large left atrial dimension in all of them. Furthermore, in our study the mean values of peak systolic (v x ) and peak diastolic (v y ) flow velocities in both groups of patients were significantly lower than those in Tabata et al. [3] and Klein et al. [11] and this may be explained by the inclusion of mild and severe mitral valve stenosis in their studies, while all our study patients had severe mitral stenosis. On the other hand our mean value of peak systolic flow velocity in sinus rhythm patients is consistent with that reported by Jolly et al. [12] .
The pulmonary venous diastolic forward wave in mitral stenosis patients showed a peak in the rapid filling phase and a gradual descending slope in velocity during mid to late diastole reflecting prolonged decay of the left atrial to left ventricular diastolic pressure [1, 8, 11, 13] . Fortunately no patient had been excluded from our study because of indistinct pattern with turbulent flow. The present study failed to confirm any correlation between the pulmonary diastolic pressure half-time and the mitral pressure half-time shown by the study of Klein et al. [11] . This may reflect the importance of local atrial factors other than the severity of mitral stenosis in affecting pulmonary venous flow including rhythm abnormalities, left atrial pressure and compliance. The present study of pulmonary venous flow in mitral stenosis showed significant delay in its onset and termination in atrial fibrillation patients, compared to sinus rhythm patients even after correction for heart rate. This may be due to prolonged decay in the left atrial pressure in diastole. This causes the pulmonary vein flow to persist with or even after the start of the next cardiac cycle. Furthermore, the diastolic velocity-time integral (VTI y ) in atrial fibrillation was significantly higher than that in sinus rhythm in spite of similar peak diastolic flow velocity reflecting the prolonged deceleration of the pulmonary venous diastolic phase.
The effect of this prolonged diastolic phase deceleration in atrial fibrillation was also seen by the lower ratio of VTI x /VTI y than the ratio of v x /v y in the same group. Although our pa-tients have the most severe degree of mitral stenosis among the published studies, some of our patients, especially those in sinus rhythm, have nonblunted systolic flow. Whether this is related to the left atrial compliance or other hemodynamic factors requires further investigation.
In conclusion, in patients with severe mitral stenosis there is a significantly lower pulmonary peak systolic flow velocity and prolonged decay in the wave deceleration during diastole. These changes are more marked in atrial fibrillation. These results can help to understand the hemodynamics of severe mitral stenosis and its interaction with the pulmonary circulation. It also adds to the list of pulmonary venous flow changes in various cardiac diseases.
